Examination of cucumber roots (Cucumis sativus L.) grown in bark compost media and of the surrounding edaphic substrate showed profiles of polar lipid fatty acids commonly found in bacteria. The composition of fatty acids in these profiles differed significantly between roots grown in a medium naturally suppressive to Rhizoctonia damping-off and roots from a conducive medium. Cucumber roots from the suppressive medium had higher proportions of cis-vaccenic acid (18:1c7c) and the iso-branched monoenoic fatty acid i17:1w8 but lower proportions of several iso-and anteiso-branched fatty acids compared with roots from the conducive medium. The concentrations of the bacterial fatty acids were significantly lower in the surrounding media. However, the suppressive and conducive growth substrates had differences in the composition of the bacterial fatty acids similar to those found between the cucumber roots proper. These results suggest major differences in bacterial community composition between suppressive and conducive systems. Fatty acid analyses were also utilized to examine the effects on bacterial community composition of root colonization by Flavobacterium balustinum 299, a biocontrol agent. The concentration of the most prominent fatty acid in this bacterium, i17:1co8, was increased on roots produced from inoculated seeds in a medium rendered suppressive by the treatment. This change was concomitant with a significant increase in the concentration of 18: 1o7c, not present in the lipids of the antagonist, indicating a shift in the microflora from a conducive to a suppressive bacterial community.
Plant growth media amended with specific prepared composts suppress a variety of soil-borne plant diseases (21) . Media amended with low-temperature composts from hardwood tree barks suppress Rhizoctonia and Pythilun damping-off. The suppressive effects last for at least 1 year and are induced by microorganisms (9, 10, 27, 30, 31) . However, plant growth media prepared with high-temperature composts from tree barks are conducive to Rhizocitonia dampingoff for up to 4 weeks after preparation (26) .
The relative contribution of fungal species in suppression of Rhizoctonia damping-off has been determined by examining the population density of various fungal taxa in suppressive and conducive compost media (27) . Although a number of bacterial antagonists have been identified that can suppress Rhizoctonia damping-off in this system (28) , the relative contribution of various bacterial groups has not been evaluated.
Most studies of microorganisms in the soil and rhizosphere have utilized direct counts or plate counts to estimate the biomass of microbes (e.g., see references 3, 40, and 50) . However, direct microscopic counts of microorganisms in soil or on roots may give misleading values because the organisms often grow in microcolonies embedded in a network of extracellular polymers (1, 11, 39) . Plate counts are complicated by selective growth of only viable cells on specific media and by the formation of a single colony from bacterial aggregates. Populations of specific rhizosphere bacteria have been monitored with antibiotic-resistant mutants (8, 28) . This method suffers from the inability of many * Corresponding author. t Present address: Laboratory of Ecological Chemistry, Department of Ecology, Lund University, Ecology Building, Helgonavagen 5, S-223 62 Lund. Sweden. such marked bacteria to maintain their colonization potential (12) .
To improve the situation, alternative methods have been developed to estimate the biomass and activity of microbes in natural environments. These are based on the analysis of chemical properties of microbial cells (51) . Analysis of phospholipids has been shown to provide a reliable estimate of the biomass of microorganisms in environmental samples (2, 54) . The composition of fatty acids varies widely among different bacteria (29) , and isolation of bacteria from natural environments has shown that subsets of microbial communities contain specific signature fatty acids in their phospholipids (23, 35, 48) . Quantitative recovery and analysis of these fatty acids have provided a reproducible and sensitive means to define the community structure of microbial assemblies in soils and sediments (14, 18, 34, 49) . The fatty acid methods are free of the distortion associated with the requirements for quantitative removal of microbes from surfaces or the selectivity associated with growth on artificial media (52) .
In this study, we used analysis of phospholipid fatty acids to characterize bacteria associated with cucumber roots grown in bark compost media either suppressive or conducive to Rhizoctonia damping-off. Furthermore, we demonstrated the use of this method to study the effects on the bacterial community composition of a biocontrol agent introduced by seed treatment in the rhizosphere of cucumber roots.
MATERIALS AND METHODS
Preparation of plant growth media. A medium (pH 6.0 to 6.4) suppressive to Rhizo(tonia damping-off was prepared by mixing bark composted in a windrow for a 4-to 5-month period with Canadian sphagnum peat and perlite (28) . A conducive medium was prepared by heat treatment (5 days, 60°C) of the suppressive medium in polyethylene bags in an oven. This treatment mimics the self-heating occurring in compost piles that destroys compost suppression of Rhizoctonia damping-off (32) . The conducive medium was planted 24 h after the heat treatment. During this 24-h period, the medium was stored in the polyethylene bags to prevent recolonization of mesophiles (9) .
Experiments and cultivation of plants. To compare the profiles of polar lipid fatty acids from cucumber roots and their surrounding edaphic substrate, we planted cucumber seeds (Cucumis sativus L. "Straight Eight;" eight seeds per pot, 90% germination) in the conducive and suppressive media in 400-ml pots. The plants were fertilized, watered, and incubated in growth chambers as described previously (9) . Three weeks after planting, seedlings were harvested by carefully shaking adhering container medium from roots, which essentially removed all adhering particles from the growth medium. The roots were cut off at growth medium level and lyophilized. Three root systems from the seedlings in each pot were bulked and treated as one replicate. In a preliminary study, roots were rinsed with distilled water. However, fatty acid analysis revealed that the trends in composition of fatty acids of washed and unwashed roots were the same. After the cucumber roots were removed, samples of the growth substrate were transferred to polyethylene bags and lyophilized. These samples represent the edaphic growth substrate. Material from one pot was treated as one replicate.
To examine the effects of colonization of a biocontrol agent in the rhizosphere of cucumber roots, we treated cucumber seeds with Flavobacterium balustinum 299 ATCC 53198. This bacterium has been isolated from cucumber roots grown in the suppressive bark compost medium, and it has been shown that seed treatment with F-299 suppresses Rhizoctonia damping-off in the conducive bark compost medium (28) . Cucumber seeds were soaked with a suspension of F. balustinum 299, and control plants were soaked in sterile distilled water as previously described (28) . The seeds were planted in the conducive compost medium, and after 3 weeks, the roots were recovered and lyophilized as described above.
A completely randomnized design was used in the pot experiments. Samples from the different treatments were combined to give four replicates of cucumber roots grown in the suppressive medium, growth substrate from the suppressive medium, cucumber roots from the conducive medium, growth substrate from the conducive medium, and cucumber roots produced from the F. balustinum 299-treated seeds and grown in the conducive medium.
Lipid extraction and fractionation. The lyophilized samples were extracted with the single-phase mixture of chloroformmethanol-water (1:2:0.8, vol/vol/vol) by the method of Bligh and Dyer (4) as modified by White et al. (54) . The solutions were split into two phases by the addition of 1 volume of water and chloroform, respectively. The organic phase was recovered, and the extracted lipids were fractionated on columns of silicic acid (Unisil, 100/200 mesh; Clarkson Chemical Co., Williamsport, Pa.) which were 1 cm in diameter and contained 1 g (dry weight) of adsorbent. Neutral lipids were eluted with 10 ml of chloroform, glycolipids were eluted with 40 ml of acetone, and polar lipids were eluted with 10 ml of methanol. The polar lipid fraction, containing phospholipids (24) , was dried under a stream of nitrogen. The fractions containing neutral lipids and glycolipids were not used in this study.
Mild alkaline methanolysis. The polar lipid fractions were subjected to mild alkaline methanolysis, which yields the methyl esters of ester-linked fatty acids (54 GC-MS. GC-MS analyses were performed on a VG TRIO-3 GC/MS/MS instrument equipped with a Hewlett-Packard 5890 GC. The GC conditions were those described above, but helium was used as the carrier gas. The electron energy in electron impact ionization was 70 eV, and the source temperature was 220°C.
MS identifications of fatty acid methyl esters were based on cc iparison with spectra from standards or with spectra fatty acids in the root samples. A more sensitive way to examine differences was therefore to compare the amounts and patterns of a few, more specific bacterial fatty acids. These included methyl-branched fatty acids, monounsaturated acids with the double bond in the w7 position, cyclopropane fatty acids, and normal-chain fatty acids with an odd number of carbon atoms in the chain (Table 2) . Data in Fig. 1 and 2 show the concentration, expressed as picomoles per gram of dry weight, of the bacterial fatty acids, and data on the proportions, expressed in moles percent, of these fatty acids are presented in Tables 2 to 5 .
Fatty acids in cucumber roots. The amount and composition of bacterial fatty acids differed significantly between cucumber roots grown in the suppressive and conducive media. Roots produced in the suppressive medium had a lower total concentration of bacterial fatty acids. Concentrations of most of the individual bacterial fatty acids were also lower than in roots from the conducive medium ( Fig. 1 ; Table 1 ). Comparing the composition of fatty acids in these profiles, roots from the suppressive medium had a lower proportion of the methyl-branched fatty acids i16:0, i17:0, a17:0, and lOMel8:0 but higher proportions of the monounsaturated fatty acids 18:17c (cis-vaccenic acid) and i17: 1w8c than roots recovered from the conducive medium (Tables 2 and 3 Fig. 1) . Furthermore, the composition of bacterial fatty acids recovered from the growth substrates differed from the fatty acid profiles of the cucumber roots. The growth substrates had higher proportions of the branched acids i17:0, a17:0, and lOMel8:0 but lower proportions of il7:1w8, cyl9:0, and 15:0 than the cucumber roots proper (Tables 2 and 3 ).
The suppressive and conducive growth substrates differed significantly in the patterns of bacterial fatty acids. The suppressive substrate had lower concentrations of i16:0, i17:0, a17:0, and 17:0 but a higher concentration of 18:17c than the conducive substrate (Table 1; Fig. 1 ). Similar differences were found between the suppressive and conducive substrates when we compared the composition of the bacterial fatty acid profiles. The but higher proportions of 18:1w7c, il7:1w8, and cyclopropane fatty acids than the conducive substrate (Tables 2 and  3) .
Fatty acids in F. balustinum 299. The ester-linked fatty acids in the polar lipids from F. balustinum 299 contained mainly odd-numbered fatty acids (Table 4 ). The major component was identified as i17:1w8. Among the major components in the fatty acid profile of F. balustinum 299 there was also an uncommon hydroxy acid with a chain length of C15. ' Asterisks indicate significant differences between means by analysis of variance (*, 0.01 < P c 0.05; **, 0.001 < P c 0.01; ***, P -0.001). Colonization of cucumber roots by F. balustinum 299. Cucumber roots produced from seeds treated with F. balustinulm 299 and grown in the conducive growth medium had a significantly higher concentration of il7:1w8 than control samples, i.e., roots produced from seeds not treated with F. balustinuim 299 (two-sided t test, P < 0.001) (Fig. 2) . This change was concomitant with a significant increase in the concentration of 18:1w7c (two-sided t test, P < 0.001) (Fig.  2) . The shifts in the fatty acid profile from the samples treated with F. balustinum 299 also included a decreased proportion of i16:0 and 17:0 compared with the control samples ( Table 5) .
The peak for 2-OH Brl5:0 from F. balustinum 299 coeluted with the peak for 16:17c and could not be analyzed with the chromatographic system used.
DISCUSSION
Examination of the bacterial fatty acid profiles indicated significant differences in the composition of the bacterial community in systems that are suppressive compared with those that are conducive to Rhiozoctonia damping-off. The suppressive environments had lower proportions of several methyl-branched fatty acids but higher proportions of cisvaccenic acid and il7:1w8 than the conducive environments.
Iso-and anteiso-branched fatty acids are common in the lipids of gram-positive bacteria but are rare in gram-negative bacteria (22) . Tuberculostearic acid (10Me18:0) is characteristic for bacteria within the actinomycetes (25) . Monounsaturated fatty acids with omega 7 cis unsaturation indicate the activity of the anaerobic desaturase pathway (42) . This pathway is found in all strict anaerobic bacteria but is also common in most gram-negative aerobes. However, in general, gram-positive aerobes (including bacilli, micrococci, corynebacteria, and actinomycetes) utilize the O2-dependent pathway for unsaturated fatty acid biosynthesis (15) . This system generally produces unsaturation in the delta 9 position, but there are a great variety of unsaturated fatty acids synthesized within this group (15) . The branched unsaturated fatty acid il7:1w8 was the most prominent fatty acid identified in the polar lipids from F. balustinum 299. This species has been isolated from cucumber roots grown in suppressive bark compost medium (28) . Iso-branched monoenoic fatty acids have so far only been identified in Desulfovibrio sp. and in certain Pseudomonas and Flavobacterium strains (5, 36, 37) .
The above facts suggest that the bacterial community associated with cucumber roots and their surrounding media from the suppressive bark compost medium had lower proportions of gram-positive bacteria and actionomycetes but a higher proportion of certain gram-negative bacteria including Flavobacterium sp. than the bacterial community from the conducive medium. Although the relative population density of bacterial antagonists isolated from the suppressive bark compost medium has not been determined, gram-negative bacteria were the predominant biocontrol agents (28) . Other studies have shown that the most common bacteria isolated from high-temperature composts are ther- The community composition of the suppressive microbiota can be further characterized by the application of more extensive biochemical analysis. The proportion of gramnegative and gram-positive bacteria in the community can be estimated by analysis of cell wall amino acids (19) . Gramnegative bacteria could be further characterized by their covalently bound lipopolysaccharide fatty acids (38) , and gram-positive bacteria could be characterized by examination of their teichoic acid (17) . Fungal biomass could be estimated by the analysis of specific sterols (45, 53) . Furthermore, the nutritional status of bacteria in the rhizosphere can be examined by determining the ratio of the storage polymer poly-p3-hydroxybutyrate to cellular biomass (49) .
Treatment of cucumber seeds with the bacterial antagonist F. baliustinulm 299 induced a significant increase in the amount and proportion of il7:1w8 in the polar lipids recovered from produced roots grown in the conducive medium. Previous studies with rifampin-resistant mutants have shown that F. ballustinirn 299 can colonize cucumber roots after seed treatment (28) . However, the most noticeable change in the fatty acid profiles was the increase in the concentration and proportion of 18:1w7c, which indicates an increased proportion of gram-negative bacteria. This shift parallels the change of the system from being conducive to become suppressive for Rhizoctonia damping-off (28) . The data therefore suggest that seed treatment with F. balutstinirm 299 induced a change in the community structure of the rhizosphere microflora. This change might be important for the long-term induced suppression of Rhizoctonia damping-off; previous work has shown that the suppressive effect continues to last a long time after the population of an antibioticresistant mutant of F. baliistinuin 299 declines in the system (28) . The specificity of F. baluistinirn 299 in inducing these shifts on the community composition compared with other gram-negative seed inoculants (28) is not known.
Suppression of certain plant diseases owing to the activity of microorganisms has been reported for various soils and composts (21, 44 ). An effort is being made to identify the microbes responsible for the suppressiveness and to introduce them as biological control agents in disease-conducive systems (16) . However, in many cases, a sustained disease suppression is probably maintained by the activity of an assortment of microorganisms (21, 44) . We think that analyses of phospholipid fatty acids as demonstrated in this report can provide a useful tool to study how biotic and abiotic factors affect the ecology of such antagonistic consortia of microorganisms. With this knowledge, it should be possible both to predict and to manipulate physical and chemical factors in soil to sustain a long-term soil suppression (W. Chen, H. A. J. Hoitink, and L. V. Madden, Phytopathology, in press).
